A search is presented for single production of a vector-like quark (T) decaying to a Z boson and a top quark, with the Z boson decaying leptonically and the top quark decaying hadronically. The search uses data collected by the CMS experiment in proton-proton collisions at a center-of-mass energy of 13 TeV in 2016, corresponding to an integrated luminosity of 35.9 fb −1 . The presence of forward jets is a particular characteristic of single production of vector-like quarks that is used in the analysis. For the first time, different T quark width hypotheses are studied, from negligibly small to 30% of the new particle mass. At the 95% confidence level, the product of cross section and branching fraction is excluded above values in the range 0.26-0.04 pb for T quark masses in the range 0.7-1.7 TeV, assuming a negligible width. A similar sensitivity is observed for widths of up to 30% of the T quark mass. The production of a heavy Z boson decaying to Tt, with T → tZ, is also searched for, and limits on the product of cross section and branching fractions for this process are set between 0.13 and 0.06 pb for Z boson masses in the range from 1.5 to 2.5 TeV.
Introduction
A possible extension of the standard model (SM), able to address some of the problems related to the nature of electroweak symmetry breaking, involves heavy particles called vectorlike quarks (VLQs) [1] [2] [3] [4] [5] . Unlike the chiral fermions of the SM, these new particles do not obtain mass through a Yukawa coupling but through a direct mass term of the form mψψ . This means that they are not excluded by precision SM measurements as are fourth-generation chiral quarks [6] .
Previous searches for VLQs have been performed by both the ATLAS [7] [8] [9] [10] [11] [12] [13] [14] and CMS [15] [16] [17] [18] [19] [20] [21] [22] Collaborations, as well as by the D0 [23, 24] and CDF [25] [26] [27] [28] [29] [30] Collaborations.
We study the single production of vector-like T quarks with charge +2/3 that decay to a Z boson and a t quark. We search for a final state with a Z boson decaying to electrons or muons, and a t quark producing jets via the decay t → Wb →b. An example of a leading-order (LO) Feynman diagram for the single production of a T quark in association with either a b quark, denoted T(b), or a t quark, denoted T(t), is shown in Fig. 1 (top). The three decay channels of the T quark into SM particles are bW, tZ, and tH. If the T is a singlet of the SM, the equivalence theorem [31] im-E-mail address: cms -publication -committee -chair @cern .ch.
plies that the branching fractions for the three decay modes of the T quark are approximately 0.5, 0.25, and 0.25, respectively. If the T is a doublet of the SM, the decay modes are tZ and tH, each with a branching fraction of 0.5. The T quark could be singly produced in association with either a t or a b quark and an additional quark would be produced in the forward region of the detector. The coupling coefficients of the T quark to SM particles are denoted C(bW) for the T(b) process, and C(tZ) for the T(t) process. The production cross section of the T quark depends on its mass and width, as well as on these couplings. The T quark can have both left-handed (LH) and righthanded (RH) couplings to SM particles. In the case of a singlet T quark, the RH chirality is suppressed by a factor proportional to the SM quark mass divided by the T quark mass. In the case of a doublet T quark, it is the LH chirality that is suppressed [32] .
The present search is also sensitive to the production of a T quark together with a t quark in the decay of a heavy neutral spin-1 Z boson [33] [34] [35] . A LO Feynman diagram for this production mode is shown in Fig. 1 (bottom) . This channel was also considered in Refs. [18, 36] .
This search follows a strategy similar to that used by Ref. [18] . However, significant improvements to the sensitivity of the method have been made by employing a categorization based on the presence of forward jets, and by analyzing the mass spectrum of reconstructed T quark candidates, m tZ , in events where the t quark prod- 
Fig. 1. Leading-order Feynman diagrams for the production of a single vector-like T quark and its decay to a Z boson and a t quark, either in association with a b quark or a t quark (top), or in the decay of a Z boson to Tt (bottom).
ucts are highly Lorentz-boosted and therefore are reconstructed as a single, large-radius jet. The present analysis also benefits from the much larger data sample recorded in 2016. This paper also includes the first results assuming a T quark with a nonnegligible decay width that varies between 10 and 30% of the T quark mass.
The CMS detector, data, and simulation
The general-purpose CMS detector operates at one of the four interaction points of the LHC. Its central feature is a 3.8 T superconducting solenoid magnet with an inner diameter of 6 m. The following subdetectors are found within the magnet volume: a silicon tracker, a crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter (HCAL). Muons are measured in gas-ionization detectors embedded in the steel flux-return yoke outside the solenoid. In addition, the CMS detector has extensive forward calorimetry: two steel and quartz-fiber hadron forward calorimeters that extend the HCAL coverage to regions close to the beam pipe, and cover the pseudorapidity range 3.0 < |η| < 5.2.
A more detailed description of the CMS detector, together with a definition of the coordinate system and kinematic variables, can be found in Ref. [37] .
This analysis is based on the data collected by the CMS experiment in proton-proton collisions at a center-of-mass energy of 13 TeV in 2016, corresponding to an integrated luminosity of 35 Table 1 Theoretical cross sections at next-to-leading order for single production of a T quark in association with a b or t quark for the benchmark masses considered in the analysis, with the couplings set to 0.5 and using the narrow-width T quark assumption, calculated following the procedures described in Ref. [4] . The cross sections do not depend on the chirality of the T quark. The narrow-width assumption is valid for any value of the couplings less than or equal to 0.5. for tt and single t quark production. They are interfaced with pythia 8.212 [43] , with the tune cuetp8m2t4 [44] used for the description of parton hadronization and fragmentation. Events for diboson production are generated at LO using MadGraph 5.2 and at NLO with powheg 2.0. Simulated events are normalized to NLO cross sections for all processes except for tt, single t quark production and diboson (WW only) processes, where next-to-NLO values are used. Signal events with the T quark produced either directly or in the decay of a Z boson are generated at LO using MadGraph 5.2 interfaced to pythia 8.212. For the single production of the T quark, different T quark width hypotheses are considered: negligibly small and larger widths (10, 20, and 30% of the T quark mass). Spin correlations are treated in the decay with madspin [45].
In the case where the T and Z particles are generated with narrow widths, i.e., negligibly small with respect to the experimental reconstructed mass resolution, T quark masses m T between 0.7 and 1.7 TeV in steps of 0.1 TeV, and Z masses m Z of 1.5, 2.0, and 2.5 TeV are considered. The singlet T(b) signal process with LH couplings to SM particles, and doublet T(t) signal process with RH couplings, are generated. Theoretical cross sections for the narrow-width T quark assumption are listed in Table 1 , calculated following the procedures described in Ref. [4] , where a simplified approach is used to provide a model-independent interpretation of experimental results. The width of the VLQ is negligible compared to the experimental mass resolution for C(bW) and C(tZ) couplings ≤0.5.
Signals for T quarks with larger widths (10, 20, and 30% of the T quark mass) are generated in the same mass range but in steps of 0.2 TeV. The effect of the finite-width approximation is evaluated using a modified version of the model constructed by the authors of Refs. [5, 46, 47] . Modifications of the published versions were necessary to provide a simulation of the full 2 → 4 process, i.e., pp → Tbq/Ttq → tZbq/tZtq, in the finite-width hypothesis. It has been verified that the interference of the 2 → 4 process with the SM background processes is negligible.
In the general case, the total production cross section for a T quark with a finite width (FW) can be written as:
is the width of the T quark, C 1 and C 2 are its couplings to SM quarks and bosons in the specific singleproduction process under consideration, C i summarizes other possible couplings that allow the T to decay to other final states, and the quantities m j represent the masses of the decay prod- Table 2 Theoretical reduced cross sections σ FW for single production of a T quark with a b or a t quark, where the T quark decays to tZ and its width is 10, 20, and 30% of its mass, for the benchmark masses considered in the analysis. The corresponding leading order cross sections σ for the specified production and decay are shown in parentheses. ucts of the T quark. The σ FW is the "reduced cross section" and it corresponds to the physical cross section after factorizing the production cross section and the decay couplings. For the process pp → Ttq → tZtq the couplings are C 1 = C 2 = (g w /2) C(tZ), while for pp → Tbq → tZbq the couplings are C 1 = (g w /2) C(bW) and C 2 = (g w /2) C(tZ). The normalization factor g w /2 has been introduced to properly compare the couplings as defined in Ref. [4] and in Eq. (1). In Table 2 , the values for σ FW are shown together with the cross sections for the singlet T(b) and doublet T(t) signals used to interpret the results. These cross sections are calculated by fixing the branching fractions of the T to the expected values in the narrow-width approximation, as described above and in Ref. [4] . This choice corresponds to different sets of couplings than the ones used in the narrow width approximation. The generated events are passed through a simulation of the CMS detector based on Geant4 [48, 49] . The number of additional interactions in the same or adjacent bunch crossings (pileup) is included in simulation with a distribution of the number of additional interactions matching that observed in data. Samples are generated using the nnpdf 3.0 [50] parton distribution function (PDF) sets, matching the perturbative order used in simulation.
Object reconstruction
Primary vertices are reconstructed using a deterministic annealing filter algorithm [51] . The reconstructed vertex with the largest value of summed physics-object p 2 T is taken to be the primary pp interaction vertex. The physics objects are the objects returned by a jet finding algorithm [52, 53] applied to all charged tracks associated with the vertex, plus the corresponding associated missing transverse momentum. Selected events are required to have this primary vertex within 24 cm of the center of the detector along the z-direction, and within 2 cm in the x-y plane.
A particle-flow (PF) algorithm [54] is used to identify and to reconstruct charged and neutral hadrons, photons, muons, and electrons, through an optimal combination of the information from the entire detector.
Electron candidates are reconstructed by combining the information from the ECAL and from the silicon tracker [55] . Electrons are then selected if they are isolated and if they have p T > 20 GeV and pseudorapidity |η| < 2.5. Additional requirements are applied to the energy distribution in the ECAL, to the geometrical matching of the tracker information to the ECAL energy cluster, on the impact parameters of the charged tracks, and on the ratio of the energies measured in the HCAL and the ECAL in the region around the electron candidate. The leading electron is required to have p T > 120 GeV, in order to be in the region where the trigger is close to 100% efficiency.
Muon candidates are reconstructed by combining in a global fit the information from the silicon tracker and the muon system [56] .
Muons are then required to be isolated, to satisfy p T > 20 GeV and |η| < 2.4, and to pass additional identification criteria based on the track impact parameter, the quality of the track reconstruction, and the number of hits recorded in the tracker and the muon systems. Like the leading electron, the leading muon is required to have
For both muons and electrons, a lepton isolation variable is used to reduce background from events in which a jet is misidentified as a lepton. This variable is defined as the scalar sum of the p T of the charged and neutral hadrons and photons in a cone of size 2 around the original lepton track, corrected for the effects of pileup [55, 56] , and divided by the lepton p T . The cone size is 0.4 for muons and 0.3 for electrons.
Jet candidates are clustered from the PF candidates using the anti-k T clustering algorithm [52] with distance parameters of 0.4 ("AK4 jets") and 0.8 ("AK8 jets"). The jet energy scale (JES) is calibrated through correction factors dependent on the p T , η, energy density, and area of the jet. The jet energy resolution (JER) for the simulated jets is degraded to reproduce the resolution observed in data. The AK4 jet candidates are required to have p T > 20 GeV, |η| < 2.4 and to be separated by R > 0.4 from an identified lepton. The AK8 jet candidates are required to have p T > 180 GeV, |η| < 2.4 and to be separated by R > 0.8 from an identified lepton. The AK8 jets may be tagged as coming from a W boson decaying to(denoted "W jets") or from a t quark decaying fully hadronically ("t jets"). For the W jets, a pruning algorithm [57] is applied. The mass of the jet, after the pruning is performed, is used as a discriminant to select W bosons and reject quark and gluon jets. The discrimination between W jets and jets from quarks and gluons is further improved by requiring the N-subjettiness ratio τ 21 to be less than 0.6, where τ 21 = τ 2 /τ 1 [58] , and the mass of the pruned AK8 jet to be within the range 65-105 GeV. In a similar way, AK8 jets may be identified as arising from the all-jets final state of a t quark. These t jets are required to have p T > 400 GeV, mass of the jet reconstructed through the modified mass drop tagger algorithm [59, 60] between 105 and 220 GeV, and τ 32 = τ 3 /τ 2 less than 0.81. Finally, AK4 jets may be tagged as arising from a b quark ("b jets") using the combined secondary vertex algorithm [61, 62] . A "medium" working point with an efficiency of 70% for genuine b jets and a rejection of 99% of light-flavor jets is used, together with a "loose" working point that has an 85% identification efficiency and rejects 90% of light-flavored jets. The efficiency for identifying W, t, and b jets in simulation is corrected to match the results found in data.
An interesting feature of the direct production of a single vector-like T quark is the presence of an additional jet that is produced in the forward direction. Forward jets are reconstructed as AK4 jets using the same selections and corrections as defined above, but have 2.4 < |η| < 5.0 and p T > 30 GeV.
Event selection
Events are required to have two oppositely charged leptons (either muons or electrons) forming a Z boson with an invariant mass between 70 and 110 GeV. A t quark from a T quark decay can be identified in three different ways: fully merged (a t jet is identified), partially merged (a W jet and a b jet are identified), or resolved (three AK4 jets are reconstructed). We therefore define ten event categories, depending on how the Z boson or the t quark candidates are reconstructed and on the number of forward jets present, as summarized in Table 3 .
The hierarchy places the most sensitive categories first. If an event falls into two or more categories it is assigned only to the first. For categories 1 and 2, the t quark candidate is given by the t jet; for categories 3-6 it is reconstructed by summing the momentum vectors of the W jet and the b jet; while for categories 7-10 the momenta of the three jets are summed. If more than one t quark candidate is found, the one with the largest p T is selected for the subsequent restoration.
In addition to requiring a Z boson and a t quark in the event, at least one "medium" b jet has to be present (for the partially merged and the resolved categories, it is the one used to reconstruct the t quark), the two leptons from the Z boson decay have to be close to each other ( R < 0.6-1.4, depending on the category), and the leading lepton (muon or electron) must have p T > 120 GeV. If more than one medium b jet is present, the one giving the largest t quark p T is selected for subsequent reconstruction. Furthermore, in the resolved categories, the two jets with the lowest b tagging discriminant of the three jets forming the t quark candidate are required to have a dijet invariant mass m j1,j2 below 200 GeV. All these requirements were optimized to increase the sensitivity of the analysis and are summarized in Table 3 .
The T quark candidate mass m tZ is obtained by summing the momenta of the Z candidate, given by the two muons or the two electrons, and the t quark candidate, reconstructed for the three scenarios as described above.
Background estimate
In this analysis, the signal is searched for as an excess in the mass spectrum of reconstructed T quark candidates, m tZ , which is used as the discriminating variable. The background is largely dominated by Z/γ * + jets events (>80%), with smaller contributions from other sources (tt + V, tZq, tt, single t quark, and VV diboson production, where V represents a W or Z boson).
The background is estimated from data in order to reduce dependence on the simulation. This estimate, which incorporates all of the background processes described above, is obtained by measuring the m t Z distribution in a control region defined by applying the event selection described in Section 4, but instead of requiring the presence of a jet passing the medium b tagging requirements, a veto is applied on the presence of any jet passing the loose b tagging requirements. This veto effectively removes the signal while leaving a substantial fraction of the dominant Z + jets background.
Table 4
The number of estimated background events compared to the observed number of events for the two fully merged categories. The quoted uncertainties in the background estimates include both statistical and systematic components, as described in Section 6. Expected signal yields and their respective efficiencies in parentheses are given for two benchmark masses and two values of the width " ", for a T quark produced in association with a b, T(b), and a T quark produced in association with a t, T(t). The signal efficiencies are calculated for events with the Z boson decaying to electrons or muons. Background, data, and signal yields are shown for the range in m tZ between 500 and 2100 GeV. 
The background expectation in the signal region is then estimated as: (2) where N CR (m tZ ) is the number of events found in the data in the control region as a function of m tZ , and α(m tZ ) is the ratio obtained from simulation of the number of background events in the signal region to that in the control region, at each value of m tZ . A closure test is performed to validate the method in an independent signal-free region, defined by considering the resolved categories and inverting the cut on m j1,j2 . This region has been chosen because it has a negligible signal contamination and yet it preserves the background composition of the signal region. Good agreement is found between the predicted background and the observed data in this region, showing the robustness of the background estimation method. Furthermore a good agreement is also found between the predicted background using the described method and the predicted background from the simulated events.
Comparisons between the background estimates and the observations in data in the m tZ distribution are shown in Figs. 2, 3 , and 4. The number of predicted background events and the number of observed events are reported in Tables 4, 5 , and 6, together with the number of expected signal events for two example masses. The numbers of observed events are consistent with SM background predictions. 
Table 5
The number of estimated background events compared to the observed number of events for the four partially merged categories. The quoted uncertainties in the background estimates include both statistical and systematic components, as described in Section 6. Expected signal yields and their respective efficiencies in parentheses are given for two benchmark masses and two values of the width " ", for a T quark produced in association with a b, T(b), and a T quark produced in association with a t, T(t). The signal efficiencies are calculated for events with the Z boson decaying to electrons or muons. Background, data, and signal yields are shown for the range in m tZ between 500 and 2100 GeV. 
Table 6
The number of estimated background events compared to the observed number of events for the four resolved categories. The quoted uncertainties in the background estimates include both statistical and systematic components, as described in Section 6. Expected signal yields and their respective efficiencies in parentheses are given for two benchmark masses and two values of the width " ", for a T quark produced in association with a b, T(b), and a T quark produced in association with a t, T(t). The signal efficiencies are calculated for events with the Z boson decaying to electrons or muons. Background, data, and signal yields are shown for the range in m tZ between 500 and 2100 GeV. 
Systematic uncertainties
Systematic effects have been evaluated by propagating the uncertainties in the input quantities. Unless explicitly stated, the impact of these uncertainties are evaluated both in the normalization and in the shape of the distribution of m tZ .
Five main sources of uncertainty contribute to the estimated background. The dominant ones are the statistical uncertainties in the control regions used to estimate the background, both in data, giving an uncertainty of 10-46% depending on the category, and in the simulation, with an uncertainty of 3-34%. The small differences between the observation and the prediction for the closure test described previously are taken as systematic uncertainties (6%). An uncertainty due to possible mismodeling of the Z + light quark and Z + b quark fractions in the simulation is evaluated. This systematic uncertainty is evaluated by observing the effect of changing the Z + b fraction by 10% [63] , yielding a contribution to the uncertainty in the background estimation of between 2 and 4%. Finally, the uncertainty from the b tagging for the b, c, and light-flavor jets is evaluated by changing the b tagging corrections by their uncertainties [61, 62] , yielding a change in the normalization of 2% for the b tagging efficiency and 2% for the misidentification probability. Other systematic uncertainties related to the simulation modeling have been studied and found negligible, because of the data-driven method used to estimate the background.
The systematic uncertainty in the signal is estimated from the corrections applied to the simulation to match distributions in data. The corrections for lepton identification and lepton trigger efficiency are obtained from dedicated analyses, using the "tagand-probe" method [55, 56] . Changing these corrections by their uncertainties provides an estimate of the uncertainties in the signal yield of 3% for muons and electrons for a mass hypothesis of 1.0 TeV, and 1% for the trigger. The jet four-momenta are varied by the JES and JER uncertainties, which provide respective changes in the signal yield of 1% (JES) and 0.5% (JER), while for forward jets a change of 8% is observed. For W and t jet tagging, the same procedure of varying the corrections is applied, yielding an uncertainty of 4 and 8%, respectively. The uncertainty in the b tagging efficiency is evaluated, as for the background; the change in yield of the signal is found to be 2.5%. The uncertainties from the choice of PDF are evaluated using the nnpdf 3.0 PDF eigenvectors [64] , considering only the change in the shape of the m tZ distribution. The uncertainty in the simulation of pileup is obtained by changing the inelastic cross section, which controls the average pileup multiplicity, by 5% [65] , resulting in a signal yield uncertainty of 1%. Additional sources of systematic uncertainty are the integrated luminosity (2.5%, normalization only) [66] and the factorization and renormalization scales used in simulation (shape only).
Results
No significant deviations from the expected background are observed in any of the search channels. We set upper limits on the product of the cross section and branching fraction of a T quark decaying to tZ. The exclusion limits at a confidence level (CL) of 95% are obtained using the asymptotic CL s criterion [67] [68] [69] [70] , with templates for background and signal given by the binned distributions in Figs. 2, 3 , and 4. Systematic uncertainties are treated as nuisance parameters, assuming a log-normal distribution for normalization parameters and a Gaussian distribution for systematic uncertainties that affect the m tZ shape.
In Fig. 5 , the observed and expected limits from the ten categories of the T quark search are shown combined together, for the singlet LH T(b) (left) and doublet RH T(t) (right) production modes. Table 7 Observed and expected 95% CL upper limit on σ (pp → Z ) B(Z → Tt) B(T → tZ). The ±1 and ±2 standard deviation (s.d.) expected limits are also given. The limits are given in pb. 95% CL, for masses in the range 0.7-1.7 TeV. For an RH T(t) signal, the region above 0.14-0.04 pb is excluded for the same mass range. Upper limits are compared with theoretical cross sections calculated at NLO in Ref. [4] . For this model, a singlet LH T quark with C(bW) = 0.5 is excluded at 95% CL for masses in the range 0.7-1.2 TeV. In Fig. 6 , the observed and expected upper limits at 95% CL are shown as a function of the T quark width and T quark mass in the ranges from 10 to 30% and 0.8 to 1.6 TeV, respectively. A sensitivity similar to that obtained assuming a narrow-width T quark is observed. In this case the experimental results are compared with the theoretical cross sections calculated at LO using a modified version of the model constructed by the authors of [5, 46, 47] and reported in Table 2 . For this model, the data exclude a singlet LH T quark produced in association with a b quark, for masses below values in the range 1.34 and 1.42 TeV depending on the width. A doublet RH T quark produced in association with a t quark is excluded for masses below values in the range 0.82 and 0.94 TeV.
In addition to being singly produced directly, as diagrammed in Fig. 1 (top) , the T quark may also appear singly in events where a single Z is produced that decays Z → Tt, as illustrated in Fig. 1 (bottom). Observed and expected limits for the production of a T quark via the decay of a Z boson, Z → Tt and T → tZ, are shown in Table 7 . We assume negligible widths for both the Z boson and the T quark. The product of cross section and branching fractions is excluded above 0.13-0.06 pb, for a Z boson mass in the range from 1.5 to 2.5 TeV and for a T quark mass from 0.7 to 1.5 TeV.
Summary
This paper has presented results of a search for the single production of a T quark with a charge of +2/3, decaying to a Z boson and a t quark. No deviations were observed relative to the expected standard model background. Upper limits on the product of the cross section and branching fraction range between 0.26 and 0.04 pb at 95% confidence level for a left-handed T quark produced in association with a b quark, T(b), and between 0.14 and 0.04 pb for a right-handed T quark produced in association with a t quark, T(t), for the range of masses between 0.7 and 1.7 TeV. This result was obtained under the hypothesis of a narrow-width T quark, providing an interpretation of results through the simplified approach of Ref. [4] . In this case, left-handed T quarks produced in association with a b quark and with a coupling C(bW) of 0.5 were excluded for masses in the range 0.7-1.2 TeV. A large gain in the search sensitivity was found relative to previous results [18] because of improvements introduced in the analysis as well as the increase in the integrated luminosity. The effect of a nonnegligible width was also studied; values of the width between 10 and 30% of the T quark mass were considered, and similar sensitivities were observed. The results were interpreted using a modified version of the model constructed by the authors of Refs. [5, 46, 47] , and a left-handed T(b) signal was excluded for masses below values in the range 1.34-1.42 TeV, depending on the width, while a right-handed T(t) signal was excluded for masses below values in the range 0.82-0.94 TeV. Finally, the production of a Z boson that decays to Tt was excluded for values of the product of cross section and branching fractions between 0.13-0.06 pb, for . Observed (upper) and expected (lower) limits at 95% CL on the product of the single production cross section and branching fraction for the singlet LH T quark produced in association with a b quark (left) and for the doublet RH T quark produced in association with a t quark (right), where the T quark has a width from 10% to 30% of its mass and decays to tZ. The solid black lines indicate theoretical cross sections, as calculated at leading order using a modified version of the model constructed by the authors of Refs. [5, 46, 47] and reported in Table 2 . In each plot, the excluded region lies to the left of the line, except in the lower-left plot where the entire region shown is excluded.
Z boson and T quark masses in the respective ranges of 1.5 to 2.5 TeV and 0.7 to 1.5 TeV. The results presented in this paper are the most-stringent limits to date on the single production of heavy vector-like T quarks, the first to set limits for a variety of resonance widths, and the most-stringent limits for the production of a Z boson decaying to Tt.
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